Compared with wild-type mice, adult endothelial nitric oxide synthase (eNOS) knockout mice (eight months of age) have increased blood pressure (BP) (126±9 mmHg vs. 100±4 mmHg), and an increased renal vascular resistance (155±16 vs. 65±4 mmHg.min/ml). Renal vascular resistance responses to i.v. administration of noradrenaline were markedly enhanced in eNOS knockout mice. Glomerular filtration rate (GFR) of anaesthetised eNOS -/-mice was 324±57 µl/min gKW, significantly lower than the GFR of 761±126 µl/min.gKW in wild-type mice. AT 1 -receptor blockade with i.v. candesartan (1-1.5 mg/kg) reduced arterial blood pressure and renal vascular resistance, and increased renal blood flow (RBF) to about the same extent in wild-type and eNOS -/-mice. Candesartan did not alter GFR in wild-type mice (761±126 vs. 720±95 µl/min.gKW), but caused a marked decrease in GFR in eNOS -/-mice (324.5±75.2 vs. 77±18 µl/min.gKW). A similar reduction in GFR of eNOS deficient mice was also caused by angiotensin-converting enzyme (ACE) inhibition. Afferent arteriolar granularity, a measure of renal renin expression, was found to be reduced in eNOS -/-compared with wild-type mice. In chronically eNOS-deficient mice, angiotensin II (Ang II) is critical for maintaining glomerular filtration pressure and GFR, presumably through its effect on efferent arteriolar tone.
Introduction
Acute pharmacological inhibition of nitric oxide synthase (NOS) causes renal vasoconstriction and a reduction in glomerular filtration rate (GFR). 1 When administered chronically, NOS inhibitors initiate the development of arterial hypertension and glomerulosclerosis. 2 The constrictor response of resistance vessels to NOS inhibition is, for the most part, due to the withdrawal of constitutivelyreleased nitric oxide (NO) generated predominantly by endothelial NOS (eNOS). However, it has been suggested that angiotensin II (Ang II) and other vasoconstrictors may contribute to the haemodynamic response to NOS inhibition and that blockade of the renin-angiotensin-aldosterone system (RAAS) may be beneficial for the preservation of renal function. 3, 4 Analogous to the effect of chronic NOS inhibition, targeted deletion of the eNOS gene has been found to cause arterial hypertension. The current studies were performed to assess renal blood flow (RBF) and GFR in eNOS knockout mice and to determine the effect of inhibition of angiotensin receptors or Ang II formation on renal haemodynamics. Our results show that GFR in eNOS -/-mice is reduced, as expected in a state of chronic endothelial NO deficiency. In addition, and contrary to expectation, Ang II receptor blockade or angiotensin-converting enzyme (ACE) inhibition caused a marked reduction in GFR while increasing RBF. This observation suggests a requirement for Ang II in maintaining borderline renal function during chronic eNOS deficiency.
Methods
Experiments were performed in male mice of the eNOS knockout strain originally developed by Shesely et al. 5 All wild-type eNOS (eNOS +/+), and homozygous eNOS knockout mice (eNOS -/-) used in this study were derived from two heterozygous breeder pairs obtained from Jackson Laboratory (Bar Harbor ME). At weaning, animals were ear-tagged and a short piece of the tail was clipped off. Genomic DNA was extracted from the tails following digestion with proteinase K and purification of DNA with ethanol. The genotype of each DNA sample was determined by testing for the presence of wild-type or modified eNOS sequence, using PCR. eNOS gene-specific primers were selected to amplify a 370 bp PCR product in DNA from wild-type, but not eNOS -/-mice. The mutant eNOS gene was detected with Neo rspecific primers amplifying a 457 bp product of the neomycin resistance gene (Neo r ) in eNOS -/-, but not in eNOS +/+. A third PCR for β-globin served as control to validate similar amounts of DNA in each sample. The sequence of the oligonucleotide primers was as follows: eNOS sense 5'-CTC CAA CTT AGT GCA GGT CT-3'; antisense 5'-ATG GTT GCC TTC ACA CGC TT -3' ; Neo r sense 5'-ACAACAGACAATCGGCTGCTCTG ATG-3' (bp 225-250); Neo r , antisense 5'-GTTCGCCAGGCT-CAAGGCGCGCA-3' (bp 660-682). 6 Amplification was carried out for 30 cycles (denaturation at 94°C for 40 seconds, annealing at 58°C for 40 seconds, and extension at 72°C for 40 seconds, followed by a final extension at 72°C for 8 minutes). Following genotyping, animals were separated according to genotype and gender.
Mice were anaesthetised with an intraperitoneal injection of 100 mg/kg thiobutabarbital (inactin) plus an intramuscular injection of 100 mg/kg of ketamine. Body temperature was kept at 38°C by placing the animals on an operating table with a servo-controlled heating plate.
After cannulating the trachea, a stream of 100% oxygen was blown towards the tracheal tube throughout the experiment. The femoral artery was cannulated for blood pressure (BP) measurements and the jugular vein for a maintenance infusion of 2.25 g% bovine serum albumin in saline at a rate of 0.35 ml/hr. For measurement of RBF, mice were placed on their backs and the renal vessels were approached from a midline incision. After careful dissection of the renal artery, a 0.5 mm V-type ultrasonic flow probe (Transonic Systems) was placed around the vessel and held in place with a micromanipulator.To determine GFR, mice were infused with 125 I iothalamate (Glofil, Cypros Pharmaceutical, Carlsbad, CA) at 5 µCi/hr. After 45 minutes of equilibration, a blood sample was taken and two 15-20-minute collections of bladder urine were made. After taking a second blood sample, candesartan (50 µg) or quinapril (150 µg) was administered by slow intravenous injection. After a 10-minute waiting period, two additional urine collections of 15 minutes each were made, followed by a terminal collection of blood. Blood samples were collected in heparinised 5 µl microcaps.
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I-iothalamate radioactivities were measured in a gamma counter in duplicates, using 0.5 µl samples of plasma and urine.
Direct renin granule visualisation
Dissection of renal vessel trees was performed as previously described by Casellas et al. 7 Briefly, kidneys were treated with 5N HCl at 37°C for 60 minutes, rinsed and kept in distilled water for two days. Vessel trees were dissected in acidified distilled water (pH 2.5) under a stereomicroscope by gently freeing them from surrounding tubules. Small vessel trees were transferred to microscope slides and covered with cover slips on a rim of silicone glue to bring arterioles into one plane. The number of renin-positive and renin-negative arterioles was counted in 5-6 vessel trees per kidney.
Statistical comparisons were made using unpaired (comparisons between genotypes) and paired t-test (comparisons of treatment within genotype), using the 5% level as significance cut-off.
Results
The average age of the male eNOS -/-and eNOS +/+ mice used in this study was 8.4±0.2 months and 8.1±0.8 months, respectively. Whereas body weight was comparable between eNOS +/+ and eNOS -/-mice (37±1.9 g vs. 35±0.9 g; n=7 vs. 11) the weight of the left kidneys was 237±15.6 mg in eNOS +/+ mice and 163±7.7 mg in eNOS -/-mice (p<0.01). Urine collected by bladder puncture immediately following surgery averaged 1221±174 mosm/l in eNOS -/-and 1639±198 mosm/l in eNOS +/+ mice (p=0.14).
RBF in eNOS knockout mice
Results from a series of experiments in which RBF was measured in three wild-type and four eNOS -/-mice are summarised in Table 1 . Mean RBF in eNOS -/-mice was 0.8±0.1 ml/min compared with 1.3±0.1 ml/min in wild-type animals (p<.05). RBF, corrected for kidney weight, averaged 5.6±1.1 and 6.4±0.4 ml/min.gKW (NS) in eNOS -/-and eNOS +/+ mice, indicating that part of the difference in RBF was due to the difference in kidney weight. Mean arterial BP in this series was 126±9 mmHg in the knockout mice and 82±4 mmHg in wildtype mice (p<0.05). Renal vascular resistance (RVR), corrected for kidney weight, was 25±4 mmHg.min.g/ml in eNOS -/-and 13±0.5 mm Hg.min.g/ml in wild-type mice (p<0.05).The transient rise in RVR in response to i.v. bolus injections of noradrenaline was greatly augmented in eNOS -/-mice. For example, 50 ng noradrenaline caused a 1.4-fold increase in RVR in wild-type, but an 8-fold increase in RVR in eNOS -/-mice ( Table 1) . As can be seen in the example shown in Figure 1 , the increase in RVR was mainly due to an exaggerated fall in RBF. The increments in RBF following candesartan administration were comparable between eNOS -/-and wild-type mice (Table 1 and Figure 2 ).
Effect of candesartan on GFR
In a second series of experiments, we examined the effect of candesartan on GFR. RBF was not measured in this series, to avoid the major surgery required for RBF measurements. Administration of S200 PAPER Figure 3 . Within the 60-minute observation period, GFR did not significantly change in time-control studies performed in wildtype animals (n=4). Candesartan had no significant effect on GFR in wild-type mice, but significantly and progressively reduced GFR in eNOS -/-mice. In wild-type mice, mean GFR for the two collection periods was 761±126 µl/min.gKW before and 721±95 µl/min.gKW during candesartan (p=0.77; Figure 4 ). In eNOS -/-mice, candesartan reduced GFR from 324±57 to 77±18 µl/min.gKW (p=0.007). The ACE-inhibitor, quinapril, also caused a marked fall in GFR in eNOS -/-mice, from 432±45 to 55±13 µl/min.gKW (n=3; p=0.01).
As has been noted previously, renin-containing granules can be directly visualised under the microscope, owing to the greater refraction of granular cells. 7 We have used this method to assess renin granularity in wild-type and eNOS knockout mice. In wild-type mice, we found an average of 57±12% of granule-positive arterioles, while 43% were negative (n=3 mice; five vessel trees in each kidney). In contrast, only 17±8% of afferent arterioles were found to be renin-positive in eNOS -/-mice (n=3 mice; six vessel trees in each kidney). Figure 5 is an example showing the reduced renin granularity in eNOS -/-mice.
Discussion
Previous results in eNOS-deficient mice have shown that chronic deficiency of endothelial NO production is associated with the development of arterial hypertension, suggesting an increase in total peripheral resistance. 5, 8 The results from the present studies complement these observations, by showing directly that RVR is elevated in eNOS knockout mice. Since the kidney weight of eNOS -/- 
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mice was significantly lower than that of agematched wild-type animals, some of the increased resistance may be due to the smaller kidney size. In fact, RBF factored for kidney weight was not significantly different between eNOS genotypes. Nevertheless, RVR calculated with weight-corrected RBF remained significantly higher in eNOS -/-mice (see Table 1 ). The change in RVR caused by noradrenaline was greatly augmented in the eNOSdeficient mice. Hyperresponsiveness to noradrenaline and possibly other vasoconstrictors may be an expression of diminished endothelial vasodilator function and could contribute to the increased resistance to flow in the kidney and in other vascular beds. Increased vascular responsiveness to phenylephrine has been previously observed, both in eNOS -/-mice and in rats chronically treated with a NOS inhibitor. 9, 10 Several earlier studies have investigated whether Ang II and other vasoconstrictors, such as endothelin, may contribute to the fall in RBF and glomerular filtration caused by acute or chronic inhibition of NO synthases. Results from these studies are conflicting.The renal vasoconstriction caused by inhibition of NO synthases was shown to be attenuated by the administration of the Ang II receptor antagonist, losartan, and the effect of losartan was mimicked by a diet-induced reduction in renin production. 11 Partial dependence of the vasoconstrictor response to NO synthase inhibition on Ang II was also suggested in other studies. 3, 4, 12 On the other hand, Ang II blockade has also been reported to be associated with unaltered constrictor responses to NO inhibition, suggesting that uncontrolled factors modifying the interaction between NO and Ang II may have determined the outcome of these studies. 13, 14 The present experiments were performed to examine the effect of Ang II receptor blockade with candesartan on RBF and GFR in eNOS -/-mice. In contrast to most previous studies, this approach permits an assessment of the effect of Ang II blockade in a state of selective and complete eNOS deficiency. As expected, angiotensin receptor blockade caused a decrease in arterial BP and an increase in RBF that was comparable, in relative terms, between eNOS -/-and wild-type mice. However, we found, somewhat unexpectedly, that despite the increase in RBF, Ang II receptor blockade caused an 80% reduction of GFR in eNOS -/-mice, while it did not significantly alter GFR in wild-type animals. Since ACE inhibition had the same effect, the GFR reduction appears to be related to the abolition of a GFR-maintaining action of Ang II. Development of acute renal failure in response to either Ang II receptor blockade or ACE inhibition is a well-described observation in both experimental and clinical settings. [15] [16] [17] It occurs most commonly in patients or animals with severe renal artery stenosis, but is also seen in other renal diseases and in states of sodium depletion. The dependency of GFR on Ang II is usually attributed to a dominant constrictor influence on efferent arteriolar tone, particularly at a time when afferent arterioles tend to be myogenically dilated. This interpretation is consistent with the well-documented effect of NOS inhibitors in increasing filtration fraction and of losartan in reducing it. 18 Whatever the exact mechanism, it would appear that chronic and complete eNOS deficiency can be added to the list of conditions in which maintenance of glomerular capillary pressure providing borderline renal function depends critically on 
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Ang II. Surprisingly, and in contrast to renal artery stenosis and volume depletion, there is no evidence for an enhanced renin-angiotensin system (RAS) in eNOS knockout mice. While an increase in plasma renin has been observed, renal renin content has been consistently found to be reduced. 5, 19 In view of the fact that Ang II production in mice appears to be substrate-limited, it is conceivable that angiotensinogen levels are elevated in eNOS -/-mice. Alternatively, efferent arterioles may have an augmented sensitivity to Ang II, possibly resulting from increased expression of angiotensin receptors.
In summary, our data show that chronic eNOS deficiency causes renal hypoperfusion, hypofiltration and probably renal injury, conditions which precondition the kidneys to develop acute renal failure in response to Ang II blockade. Dependence of GFR on Ang II was seen despite a decrease in renal renin synthesis, possibly suggesting enhanced responsiveness of glomerular arterioles to the available angiotensin.
